A population formed by genetic admixture of two or more source populations may exhibit considerable linkage disequilibrium between genetic loci. In the presence of recombination, this linkage disequilibrium declines with time, a fact that is often ignored when considering haplotypes of closely linked systems Admixture analysis in human populations traditionally uses polymorphic genetic markers. Careful reviews of the subject indicate that the precision and utility of admixture analysis can be greatly enhanced by utilizing genetic systems that demonstrate substantial differences in the allele frequencies of the populations between which genetic admixture has occurred (1-3). Although the traditional polymorphic immunological and biochemical markers have increased our understanding of genetic admixture in many human populations (e.g., American Blacks, Ashkenazi Jews, and Icelanders), the results for many of these studies are not fully concordant with the known ethnohistory (1). This is partly due to the fact that traditional genetic markers do not always exhibit wide differences of allele frequency among the parental populations. This limitation can be partially circumvented by increasing the degree of polymorphism at a given locus with more refined assay techniques, such as isoelectric focusing for the phosphoglucomutase 1, group-specific component (Gc), and other serum protein systems.
portions from haplotype frequencies in generations following the admixture event become progressively more biased. The direction and extent of this bias can be predicted only when the history of admixture is known. Numerical illustration suggests that this bias is problematic whenever rt > 0.05, where r is the recombination rate between linked loci and t is the time (in generations) that has elapsed since the admixture event. In general, even the haplotype frequencies dermed by multiple restriction fragment length polymorphisms should be used with caution for admixture analysis. When recombination rates or the time since admixture are not precisely known, it is advantageous to consider each restriction fragment length polymorphism site separately for admixture analysis.
Admixture analysis in human populations traditionally uses polymorphic genetic markers. Careful reviews of the subject indicate that the precision and utility of admixture analysis can be greatly enhanced by utilizing genetic systems that demonstrate substantial differences in the allele frequencies of the populations between which genetic admixture has occurred (1) (2) (3) . Although the traditional polymorphic immunological and biochemical markers have increased our understanding of genetic admixture in many human populations (e.g., American Blacks, Ashkenazi Jews, and Icelanders), the results for many of these studies are not fully concordant with the known ethnohistory (1) . This is partly due to the fact that traditional genetic markers do not always exhibit wide differences of allele frequency among the parental populations. This limitation can be partially circumvented by increasing the degree of polymorphism at a given locus with more refined assay techniques, such as isoelectric focusing for the phosphoglucomutase 1, group-specific component (Gc), and other serum protein systems.
Greater polymorphism and interpopulation genetic variability are revealed when haplotype frequencies at linked loci are considered. For example, while the numbers of segregating alleles at the HLA-A and -B loci are at least 17 and 27, respectively, the number of AB haplotypes segregating in the American Black population is approximately 146 (4) . It may be advantageous to use haplotype frequencies to determine admixture proportions, instead of the allele frequencies at the separate genetic loci. The HLA system may not be the best material for admixture analysis because of the selective implications of genetic variation at the histocompatibility complex (5, 6) , but the same considerations apply to several other sets of loci, such as the Rhesus blood group, MNS blood group, and Gm serum gamma-globulin systems. They also apply to linked sets of DNA markers revealed by restriction analysis.
Our purpose here is to show that when genetic loci (or restriction sutes) are not absolutely linked and when there is recombination between them, analysis of admixture proportions from haplotype frequencies yields biased values. The main source of this bias is recombination, in consequence of which the haplotype frequencies in a contemporary population will be different from those in the ancestral population from which it is derived. Even where linkage relationships between loci are known, allele frequencies at individual loci may better reflect the admixture history than will haplotype frequencies. When the history of admixture is known, however, ancestral haplotype frequencies may be inferred from their contemporary values. In that case, haplotype analysis provides a check on the accuracy of the model. THEORY As in the case of traditional admixture analysis, we assume that the loci included in the analysis are not affected by selection. We also assume that populations are large enough so that the effects of genetic drift may be ignored. Consider two linked loci, A and B, at each of which there are two segregating alleles, A and a and B and b. Suppose that an admixed population (Z) obtains a fraction m of its genes from ancestral population X and a fraction (1 -m) from ancestral population Y. For purposes of illustration, we assume that the admixture event has taken place in a single pulse at generation 0 and that the populations are surveyed t generations after this event. This best-case assumption is seldom met in practice, but it suffices to indicate the problem. We shall return to the more general case later. Let r denote the recombination rate between the A and B loci, and let PA(J, Pa(J)A PBCJ), Pb(J) be the allele frequencies in populationj (j = X, Y, Z). Note that forj = X, Y, and Z, Pa(J) = 1 -PA(J), Pb(J) = 1 -PB(J), and not one of the allele frequencies changes after generation 0, since we have assumed an absence of selection and genetic drift. Let x4), x('), XW2, and x(4) denote the frequencies of haplotypes AB, Ab, aB, and ab in population X at the tth generation, and let y(t) and z(') expressions be similarly defined for populations Y and Z. We have at the outset zz =mx + (1 -m)y(°), for i = 1, 2, 3, and 4. [1] The linkage disequilibrium at the initial generation (t = 0) in population X is represented by
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Haplotype Frequencies at the tth Generation. The haplotype frequencies in any one population satisfy the recurrence equations (see ref. 7) X(t'+) = x ±') + rDx(), [5] where the sign is positive for i = 2 and 3 and negative for i = 1 and 4. They can also be written in terms of the initial haplotype frequencies [x(°) frequencies], recombination fraction (r), and generation time (t), as [6] with the same sign convention as before.
Eqs. 5 and 6 also hold for populations Y and Z, and these satisfy the well-known result that as long as recombination occurs between the A and B loci, all populations eventually reach linkage equilibrium, Where haplotype frequencies are the products of the respective allele frequencies. In the absence of recombination (r = 0), of course, the haplotype frequencies in each population remain unaltered over time.
Even if the parental populations (X and Y) are initially at linkage equilibrium and if their allele frequencies are different (6A + 0, 8B 0), then the admixed population (Z) will exhibit linkage disequilibrium at the outset, and that disequilibrium Will gradually decay (8) . Specifically, if D(0) = = D°) Eq. 3 reduces to D = m(1 -m)A8BB, [7] and invoking Eq. 4, we have D-z= (1 -r)tm(1 -m)5A8S [8] Thus, even if the ancestral parental populations are at linkage equilibrium, an admixed population derived from them will be at linkage disequilibrium for a period of time. As the initial disequilibrium decays, haplotype frequencies change, and that is the source of the problem. x(°) -375) [13] with the same sign convention. We will seldom know the value of t with any certainty, of course, and thus the biases will be of unknown magnitude.
Note that while each population approaches linkage equilibrium for large t, Eq. 13 indicates that the proportional bias will be largest when the admixed population finally reaches linkage equilibrium. The practical implication of this result is that as long as the chromosomal region defining the haplotypic structure admits recombination, haplotype frequencies will yield biased admixture proportions, the magnitude of the bias increasing with the frequency of recombination. Moreover, the size of the bias increases with time. The maximum proportional bias, obtained from Eq. 13 with t -a 00, is [14] NUMERICAL EXAMPLE To illustrate the magnitude of such biases, consider an example of two loci A and B having the allele frequencies shown in Table 1 . Let each of the two populations X and Y be at linkage equilibrium, so that the frequencies of the haplotypes AB, Ab, aB, and ab in X are given by 0.28, 0.42, 0.12, and 0.18, while those in population Y are 0.21, 0.09, 0.49, and 0.21, respectively. Consider an admixed population Z which is formed at generation t = 0 by a 50:50 admixture of X and Y. By using Eq. 1, the haplotype frequencies in the admixed population at generation 0 will be given by 0.245, 0.255, 0.305, and 0.195 for AB, Ab, aB, and ab, respectively. Note that the corresponding allele frequencies in Z are given in (Fig. LA) , r = 0.01 (Fig. 1B) , and r = 0.10 ( Fig. 1C) . It is clear that each proportion diverges progressively from the true admixture proportion (m = 0.5) as time progresses. The maximum proportional biases for these four values are 85.7% for ml, -18.2% for M2, 16 .2% for M3, and -200% for M4. Comparison of the graphs in Fig. 1 further indicates that the biases approach their maximum values faster as the recombination rate (r) increases. Of course, when there is no recombination, no bias develops. This figure also shows that the bias is not critical when either r or t is small. In point of fact, a perusal of Eq. 13 will show that the size of the bias depends on [1 -(1 -r)t], all other things being equal. As a rule of thumb, we would suggest that haplotype data not be used to determine admixture rate whenever [1 -(1-r)i 1-exp{-rt} =1-(1-rt) = rt > 0.05. [17] We note that even though analysis of haplotypes yields biased admixture proportions, such is not the case with similar analysis using allele frequencies at the respective loci because recombination does not alter the individual allele frequencies at any of these loci. This raises a question as to when (if ever) one should use haplotypes in preference to allele frequencies for admixture analysis. When the haplotypes are defined by markers between which the recombination rate is small (r < 0.0001; that is, a recombinational distance less than 0.01 centimorgans), the use of haplotypes for admixture analysis may not be problematic at all. Rare recombination will have a negligible impact on the haplotypic structure of the admixed population, suggesting that haplotypes defined by restriction fragment length polymorphisms along a very short stretch of DNA may serve admirably for purposes of admixture analysis. This is not the case when rt The theory presented here is for the simplest form of admixture analysis from haplotype data because we have neglected the possibility of continuing genetic exchange between the parental populations. If all admixture does not occur as a single pulse, the observed haplotype frequencies are complicated functions of changing parental population disequilibria, as well as recombinational decay of these disequilibria. In practice, analysis of continuous admixture is complicated enough with allele frequency data without introducing the additional complications that attend the use of haplotypes. We have also ignored the effect of genetic drift and sampling variation on haplotype frequencies. It is known that significant linkage disequilibrium may be produced in a population by random genetic drift (9) (10) (11) (12) . Once such disequilibria are established in a population, it takes a long time to reach equilibrium. In the meantime, if such populations become admixed, further disequilibrium would be introduced by the allele frequency differences between the parental populations. We have assumed that at the time of admixture the parental populations are at linkage equilibrium, but linkage disequilibrium is a persistent theoretical expectation for subdivided populations (8, 13) and is observed in many human populations (14, 15 [18] where the sign of the second term is positive for i = 1 and 4 and negative for i = 2 and 3, the reverse of the earlier convention. Since such equations also hold for populations Y and Z, one could argue that from a survey in contemporary populations, we could determine x'), y), z(), D(), D(), and D(') and insert these into Eq. 17 to compute the haplotype frequencies at the time of the initial admixture. This is only possible when we know t. Furthermore, since precise estimation of linkage disequilibrium often requires very large sample sizes (20) 
